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Abstract 
The bio-ceramic coatings on metallic implants are proposed to be a solution for combining the mechanical properties 
of the metal with the necessarily bioactive character of the ceramic layer, leading to a better integration of the entire 
implant. 
In this paper, the determination of residual stresses in such systems by non-destructive methods is presented for a 
mock-up of an implant constituted by two different biomedical ceramic/metal systems: (i) titanium dental implants 
and (ii) porcelain crown. Stress distributions are reported in: (i) a thin hydroxyapatite coating (50 ȝm) deposited by 
plasma-spray ceramic films on titanium alloy as well as (ii) a multilayer consisting of a layer (1.8 mm) of glassy-
ceramic and opaque ceramic (0.35 mm), normally Porcelain- Fused- to- Metal on a palladium substrate (1.6 mm).
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1. Introduction 
To improve the properties and the lifetime of ceramic/metal systems the knowledge of their residual 
stress (RS) state becomes more and more a necessity to understand the dependencies on the process and 
to have the chance to influence them. The control of RS in the coating and in the substrate obtained 
during the manufacturing of process is very delicate. Stress/strain analysis using diffraction techniques, 
such as classical X-ray and neutron diffraction or synchrotron radiation, are widely applied for non-
destructive testing. Diffraction techniques are the most powerful tools available to study the three 
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dimensional information of structures at the atomic scale (Fig.1). The strain values are obtained by 
measuring the interplanar spacing in various directions. By the change of crystal lattice the RS are 
calculated assuming a linear elastic distortion of the analyzed volume [1]. 
 
Fig. 1. Geometrical configuration of measurement and shift of diffracting angle, corresponding to the presence of strain. 
In a diffraction experiment, the mean interplanar spacing dhkl of the reflecting grains can be measured 
as shown in Fig. 1. The mean value of the strain MIH )(hkl in the direction of the scattering vector Q is equal 
to:  
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where d0 is the lattice spacing corresponding to the {hkl} planes of a stress free specimen, ijH is the 
local strain in the direction of the scattering vector. V is the volume of all the reflecting grains and the <> 
brackets denote the average over the diffraction grains of the hkl reflection [1].  
Plasma-spray (PS) is a classical technique usually employed to cover biomedical metal implants, such 
as titanium, with hydroxyapatite (HA - Ca10(PO4)6(OH)2). Titanium and its alloys, e.g. Ti-6Al-4V, are 
commonly used as medical devices. Their importance in the implant dentistry is related to their low 
elastic modulus, being half as high as the ones of Co-Cr alloys. Their high yield points are equal to that 
ones of carbon steel. The addition of the alloying elements, aluminium and vanadium, to the bio inert 
titanium leads to higher strength but reduced ductility. In opposite to the titanium alloys, HA is a 
bioactive material with a high biocompatibility [2]. It achieves bone mineralization directly on the 
implant surface, improving the bone growth and penetration of the cells as well as giving better direct 
contact between the tissue and the implant surface [3]. The PS technique is a currently commercially 
available method for coating implant devices with HA. Nevertheless the PS HA, although it exhibits a 
very good biocompatibility, presents a disadvantage concerning its long-term stability of the implant and, 
therefore, its lifetime.  
The Porcelain- Fused- to- Metal (PFM) technique is a well adapted one to deposit a porcelain on a 
metal substrate [4]. For a successful process, the materials to be coupled are selected in relation to their 
physical propriety and their biocompatibility. The Coefficient of Thermal Expansion (CTE) of the 
porcelain must be suitably matched with that one of the alloy and the melting range of the alloy must be 
raised sufficiently above the fusion temperature of the porcelain for enamelling. Dental alloys with high 
palladium content were developed for the PFM technique. Palladium has a high melting point (1828 K) 
and its thermal expansion is too low to be used with most commercial porcelains. So, for dentistry 
applications Pd-based ternary alloys systems, e.g. Pd–Ag–Sn or Pd–Cu–Ga, were developed to overcome 
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this problem. To improve the porcelain–metal compatibility, the content of Palladium (usually 75–78 wt 
% ) is modified by adding silver to raise the CTE and tin and gallium to strengthen the palladium. Due to 
its inertness in aggressive environments, optical properties, thermal expansion, strength, good wear 
resistance, and hardness porcelain based on potassium feldspar, such as Leucite (KAlSi2O6), is largely 
used in restorative dentistry [5]. The Leucite crystals serve to increase the thermal expansion of the 
porcelain, bringing it closer to that one of the metal substrate.  
A complete dental implant consists of three parts (see Fig. 2): the implant (1), a titanium screw which 
replaces the root and a part of a missing natural tooth. The implant is placed in the bone allowing to bond 
with the bone and serve as an anchor for the tooth to be replaced; the abutment (2), which serves as a 
connector between the implant and the crown; and the crown (3), which is fabricated by a dental 
laboratory, placed by a restorative dentist and attached to the abutment.  
In this paper two examples for the application of biomedical systems are given:  
(i) dental implant composed of HA PS 50 ȝm thick coating on Ti-6Al-4V [6] and  
(ii) porcelain crown made by glass ceramic and opaque ceramic layers coated by PFM on Pd–Ag–Sn 
substrate [7]. The aim of this paper is to investigate the RS introduced on these systems during processing 
by using the classical X-ray diffraction (XRD) method and the high-energy synchrotron X-ray diffraction 
in energy dispersive (HESXRD) method.  
 
 
Fig. 2. A dental implant is built by titanium screw (1) which is connected to the crown (3) using an abutment (2). 
 
2. Experimental procedure 
2.1. Plasma-spray HA /Ti-6Al-4V implant 
50 ȝm HA coatings were deposited by plasma-spray deposition on square pieces (10 × 10 × 1 mm3) of 
Ti-6Al-4V (wt %: C 0.013; Fe 0.16; Al 6.05; V 4.0; N 0.014; H 0.006; O 0.11; Ti bal.). Prior to the 
coating procedure, a degreasing and grit-blasting surface treatment with alumina powder (14 ȝm) to 
guarantee adhesion of the coating. Structural, morphological and chemical characteristic of Ti-6Al-4 V 
and HA are given in [6]. 
The uncoated Ti-6Al-4V (A), the HA coated on Ti-6Al-4V (B) and Ti-6Al-4V in the coated condition 
(C) were examined by classical X-ray using sin2\ technique. This method supposes plane-stress 
conditions at the surface without taking into account texture in the titanium substrate. XRD measurements 
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were performed, using a computer controlled Philips diffractometer, at 40 kV and 40 mA. A receiving slit 
of 0.1 mm width was used. Diffraction scans for HA coatings and Ti-6Al-4V substrate were run at 12 \ 
angles and I angles (0°, 45° and 90°) with a step (T of 0.02° (scan time of 60 s) for the HA coating and 
0.05° (scan time of 8 s) for the Ti-6Al-4V substrate. Cu KD1 and Cu KD2 radiation (O  0.154056 nm and 
O  0.154439 nm) were used. To evaluate the stress in the sample the elastic constants used for the HA 
coating were EHA = 117000 MPa and QHA = 0.28 and ETi = 110 GPa and QTi = 0.34 for the Ti-6Al-4V 
substrate. 
2.2. PFM Porcelain crown coated on a Pd–Ag–Sn substrate 
A porcelain/palladium alloy was prepared following the standard routines practiced by dental 
technicians building up PFM crowns. Ingots of palladium alloy (wt %: Pd 75.5; Sn 11.6; Ag 8.1; Ga 3; 
Ru, In, Zn <1) were cast at 1450°C into a substrate block of 20 x 60 x 1.8 mm³. The block was then 
ground and sandblasted with alumina and oxidised for 10 minutes at 980 °C. A 500 m layer of opaque 
ceramic (OC) was sintered on the metal in order to hide the colour of the alloy. A final 1.8 mm layer of 
porcelain was coated as a dentin layer (OG). In previous study the glassy, opaque ceramic and palladium 
alloy were micro-structurally and chemically investigated [7].  
HESXRD experiments were performed on ID 15A at the ESRF (Grenoble), using a white-beam energy 
range from 50 to 130 keV. The line was equipped with an Euler cradle mounted on a ș–2ș diffractometer, 
and a Ge-detector used in energy dispersive mode. The gauge volume was limited to 60 m in depth, 700 
m in the horizontal direction, and 100 m in the vertical one by slits in the primary as well as in the 
diffracted beam. A tri-axial method was used to evaluate the stress in the longitudinal (V11) and transverse 
(V22) direction of the sample. A plane stress condition – acceptable for the thin layer used - was assumed 
to evaluate the lattice constant of the unstressed cubic palladium and the Leucite phase. The stresses were 
calculated from the positions of eleven peaks of the energy dispersive spectrum for palladium and four 
peaks of Leucite.  
3. Results and Discussion  
3.1. Residual stresses in HA PS on Ti-6Al-4V by classical XRD  
In Table 1, the measured RS in Ti-6Al-4V substrate (A) before and after coating (C) are given. They 
are negligible for ĳ = 0° and ĳ = 45°. At ĳ = 90° they are slightly tensile. On the contrary the RS in the 
HA coating (B), with respect to the spraying direction for the HA coating, are completely in compressive 
state for all directions. No obvious difference between the major principal RS (spraying direction I = 0°) 
can be detected in the surface of the HA.  
Table 1. RS in HA, substrate before and after PS coating. 
RS [MPa] I = 0° I = 45° I = 90° 
(A) Ti-6Al-4V substrate 13 ± 6 6 ± 3 66±7 
(B) HA -109±15 -78±24 -127±13 
(C) Ti-6Al-4V coated 9±3 3±3 41±4 
 
During the deposition of the HA, the RS are generated in the coating and less in the substrate 
depending on the deposition technique, influenced by the thermal conditions, the growth of coatings and 
structural mismatches [10]. Additionally the difference in the coefficients of thermal expansion between 
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the coating and the substrate leads to RS between these two partners by cooling down the sample from 
process temperature to room temperature. The large difference in the CTE of HA (14×10í6 Kí1) compared 
to Ti (8×10í6 Kí1) can produce a significant RS in the HA coatings, even during a small thermal variation 
[11]. In the present investigation no change in RS in the metal substrate was observed. These results may 
be of interest for researchers working in the biomedical implants field.  
Although PS technique is currently employed to produce coatings used clinically, the long-term 
stability of the coating/implant is questionable. PS coating implant devices with HA showed 
disadvantages, affecting the long term stability and lifetime of implant. Measuring the RS within the 
substrate and the coating may deliver some information for improving and designing the RS conditions in 
the system. 
 
3.2. Stress field distribution in a "model crown" by high-energy synchrotron X-ray diffraction in energy 
dispersive mode 
To determine the stress field distribution in a multilayer system - representative for a "model crown"- 
fine strain scanning across the studied interface was obtained in order to localize exactly the true position 
of the diffracting volume inside the sample. This is extremely important because the depth, affected by 
the stresses, was of the same order of magnitude as the size of the X-ray beam.  
 
 
 
Fig. 3. (left) RS profile over depth by HESXRD measurements, in the first 50 m of the metal substrate and in complete thickness 
of ceramic layer respectively. (right) SEM micrograph of cross section of Leucite (GC) /opaque ceramic (OC) grown on a palladium 
(Pd) substrate. 
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The experiment was modeled using the Monte Carlo simulation method that predicted the evolution of 
the diffracted intensity versus the adjusted depth. These curves were fitted to the experimental ones in 
order to obtain the precise position of the gauge volume [9]. Results of RS profiles, represented as a 
function of the distance to the metal/ceramic interface, coated by porcelain-fused-to-metal (PFM) process, 
are reported in Fig. 3. Tensile stresses were found in the palladium substrate and compressive ones in the 
glass ceramic coating. The residual stresses in the bulk of palladium substrate are very low, nevertheless 
significant stresses are observed in a layer of about 20 Pm near the interface with opaque ceramic. The 
compression state in longitudinal direction (V11) is due to mechanical processing of the palladium ingot. 
In consequence high tensile stresses are observed in transverse direction (V22). The stress profile in the 
OC was not exploit because the diffracting angle was well adapted for the characterization of the 
palladium alloy and therewith not for the crystalline phases of the opaque ceramic. 
4. Summary and conclusions 
It is rather difficult to enumerate all the sources of residual stresses induced during the thermal 
deposition of bio-ceramics on metallic substrate and even more difficult to quantify the contribution of 
each cause to the total residual stresses field. The residual stress problem is so complex that even the sign 
of the stresses (compression or tensile) is sometime difficult to anticipate. For the specific case of HA 
deposited on Ti substrate, described in this paper, there are different results in literature [12]. The main 
advantage of XRD and HESXRD to study the material is that these methods allow non-destructive 
analyses of the surface, the interface and the bulk samples, and in particular, how they can be used to 
evaluate the strain/stress field in complex materials in bio-medical applications.  
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